pho4 mutants of Saccharomyces cerevisiae, although rare among phosphatasenegative mutants isolated from wild-type strains, were isolated efficiently from pho8O, pho85, or pho8O pho85 strains. The distribution of these pho4 mutants over the pho4 locus was determined by analyzing random spores of two-and three-factor crosses. Thepho4-4 mutation confers temperature-sensitive synthesis of repressible acid phosphatase. An intragenic suppressor for the pho4-12 allele results in the temperature-sensitive synthesis of repressible acid phosphatase. Recombination between these sites occurs at 1.0 to 3.0%, the highest for any pair of sites within the pho4 locus. All these results strongly indicate that the information of the pho4 locus is translated into a protein. The PH082 site was mapped inside the pho4 locus by random spore analysis. The order metlO-pho4-1PHO82-1-pho4-9 on the right arn of chromosome VI was confirmed by tetrad analysis. Doubly heterozygous diploids,pho3PHO82c PHO4+/pho3pho82+pho4, produce variable amounts of repressible acid phosphatase under repressive conditions depending on the combination of PHO82c and pho4 alleles. This phenomenon may reflect the constitutive production of the pho82+-pho4 product in the repressed condition, which interferes with the function of the PHO82c-PH04+ product. The earlier model for the function of the PH082-pho4 cluster, in which the PHO82 site acts as an operator of the pho4 gene, has been revised to a model in which the PHO82 site codes for the part of the pho4 protein that has affinity for the regulatory protein encoded by the pho8O and pho85 genes.
Many strains of Saccharomyces cerevisiae have two species of acid phosphatase (E.C. 3.1.3.2): one is a constitutive enzyme coded for by the pho3 (previous designation was phoC) gene, and the other is a repressible enzyme encoded by the pho5 (phoE or acpl) gene (4, 14, 17, 20) . The pho3 and pho5 genes form a cluster on chromosome II. The pho5 or acpl locus has been mapped between tsml34 and Iys2 by Hansche et al. (4) . Besides the structural gene, at least five genes, pho2 (phoB), pho4 (phoD), pho8l (phoS), pho8O (phoR) , and pho85 (phoU), have been found to be involved in the synthesis of repressible acid phosphatase (20, 23) . Another gene, pho84 (phoT), originally identified as a mutant showing constitutive synthesis of acid phosphatase, seems to be defective in taking up inorganic phosphate (22) . Recently, pho8O was mapped near the centromere of chromosome XV (V. Beres, personal communication), pho2 was mapped on the left arm of chromosome IV, pho4 was mapped on the right arm of chromosome VI, and pho85 was located on the left arm of chromosome XVI (16) . Strains with recessive mutations in pho2,pho4, orpho8l do not produce the repressible acid phosphatase, even under low-phosphate conditions where repression is normally released. The pho4 and pho8l mutations also result in a defect in the derepression of both nonspecific alkaline phosphatase (18) and inorganic phosphate uptake (Y. Tamai et al., unpublished data). The pho2 mutations also result in the inability to take up inorganic phosphate (Y. Tamai, unpublished data). Recessive mutations occurring in the pho8O or pho85 loci result in the constitutive synthesis of repressible acid and alkaline phosphatases. From the analysis of various double mutants containing one constitutive mutation and one phosphatase-negative mutation, we suggested a possible function for each gene: (i) pho8O and pho85 code for polypeptides which together forn a repressor protein exerting negative control, (ii) pho2 and pho4 genes code for certain proteins working as positive effectors for the expression of the structural gene, and (iii) the pho8l gene product controls the activity of the repressor encoded by the pho8O and pho85 genes. A PHO82 (PHOO) mutation conferring a dominant constitutive phenotype was found very near to the pho4 locus (19) . Since the expression of the PHO82 phenotype needs an active pho4 allele in cis position, the PHO82 site was believed to be an operator of the pho4 gene (19) . This circumstance resembles that of the GAL81-gal4 locus in the gal system of yeast (3) .
In this communication, the PHO82-pho4 locus is studied further by making a fine-structure map of this locus and by analyzing the synthesis of acid phosphatase by PHO82CPHO4+/pho82' pho4 diploids. Mapping of the PHO82 mutation sites in relation to the pho4 mutation sites was carried out by random spore analysis as well as tetrad analysis, and the PHO82 sites were found in a narrow region located inside the pho4 locus. Acid phosphatase activity shown by PHO82C PH04+/pho82' pho4 diploids grown under the repressing conditions varied depending on the combination of the PH082 and pho4 alleles. These results strongly suggest that the PH082 site does not represent an operator locus of the pho4 gene, but that it encodes a special region of pho4 product which may interact with the regulatory factor produced by pho8O and pho85 genes.
MATERIALS AND METHODS
Strains. The principal strains used in this study are listed in Table 1 . The nomenclature system of yeast genetic markers recommended by Plischke et aL (9) is used except for mating types (designated a and a). The conventional naming system is shown in parentheses as appropriate. Since all the strains were marked with the pho3-1 mutant allele to eliminate the activity of the constitutive acid phosphatase, pho3-1 is omitted from the description of the genotype of the strains used here. Mutants were isolated from auxotrophic strains to facilitate complementation tests.
After these mutants were assigned to loci, the auxotrophic markers were crossed out by backcrossing each mutant with the wild-type strain, since the presence of an auxotrophic marker sometimes reduces acid phosphatase activity (unpublished data).
Additional mutations at the PH082-pho4 locus were isolated spontaneously or after mutagenesis with ethyl methane sulfonate according to Lindegren et aL (5) . Mutant or recombinant colonies were detected by the staining method described previously (2, 19 RESULTS Isolation ofpho4 mutants. To construct a fine-structure map of the PH082-pho4 locus, we isolated additional mutations at this locus. Althoughpho4 mutants arise only infrequently, we tried to isolate such mutants from the wild-type strain, AX-264A (a his leu), after ethyl methane sulfonate mutagenesis. Thirty-seven phosphatase-negative mutants were crossed with each of the authentic pho2, pho4, pho5, and pho8l strains to determine the mutant locus. Only one was apho4 mutant (pho4-7). The pho85 strains segregated acid phosphatase-negative papillae spontaneously on nutrient medium, and most of them were found to be pho85 pho4 double mutants (unpublished data). Preferential segregation ofpho4 papilae was also found in thepho8O and pho8O pho85 mutants. Although the reason why the pho85, pho8O, and pho8Opho85 strains segregate pho4 mutants is not known, this fact enabled us to isolate pho4 mutants efficiently. Four independent spontaneous pho4 mutants, pho4-2 and pho4-3 from Q-101-3B (a pho8O pho85) and pho4-4 and pho4-5 from Q-101-3C (apho8Opho85), were isolated, and each ofthese pho4 mutations was separated from the pho8O and pho85 mutant genes by backcrosses with the wild-type strain. The pho85 mutant (0106-M43) isolated from AX-26-4A was treated with ethyl methane sulfonate, and three pho4 mutants were obtained: pho4-9,pho4-10, and pho4-11. The phIo4-12 mutation was isolated from 0105-M23, apho8O mutant derived from AX-26-4A, by ethyl methane sulfonate treatments.
The pho4-4 strain (P-135-8B) was found to be temperature sensitive with respect to repressible acid phosphatase synthesis. Inability to produce acid phosphatase at 350C was not due to the inactivation of the enzyme at this temperature, since enzyme formed at the permissive temperature (250C) was stable at 350C (data not shown). One of the revertants from a pho4-12/ pho4-12 diploid also showed temperature sensitivity with respect to the synthesis of acid phosphatase. The reversion site, designated PH04-12R6, was found to occur in the vicinity of the pho4-12 mutation site as shown later. The revertant diploid was sporulated and dissected to obtain a haploid PH04-12R6 strain, R6-3C. The time course of the appearance of acid phosphatase in the culture of the temperature-sensitive (ts) pho4 mutants in low-Pi medium is shown in Fig in temperature-sensitive pho4 mutants. Cells from each strain to be tested were grown in nutrient medium overnight at 30°C. Cells were harvested, washed, and suspended in the original volume of sterile water. One milliliter of this suspension was inoculated into 100 ml of low-Pi medium, and the cultures were shaken at the indicated temperature. P-28-24C (wild type) at 250C (0) and at 35°C (0); R6-3C (PH04-12R6) at 25°C (V) and at 35°C (V); P-sense allele such as gal4-2. Further characterization of these suppressors is under way.
Isolation of PH082 mutants. Mutants producing repressible acid phosphatase constitutively were isolated from AX-26-4A after ethyl methane sulfonate mutagenesis. Of 376 constitutive mutants, 67 isolates were dominant. Mutations at at least three loci are known to confer the dominant constitutive phenotype in a pho3 strain: they are PH082c, PHO81c, and PH03+ back-mutations (16, 17) . The remarkable difference between the PHO82C mutation and the other two mutations is that the former occurs at a site very close to the pho4 locus. If a mutation conferring dominant constitutivity is closely linked to the pho4 locus, segregation of the Pho trait from diploids constructed by crossing the mutant with a pho4 strain should be 2+:2-on low-Pi medium, where both acid phosphatase producers are constitutive. Each mutant showing the dominant constitutivity was crossed with strain P-144-2D (a pho4-1 arg6), and the resulting diploids were dissected. Approxinmately 10 asci from each cross were tested for their ability to produce acid phosphatase on both high-Pi and low-Pi medium. Seven PHO82C mutant alleles, designated PH082-3 through PH082-9, were found. A segregant carrying appropriate genetic markers was selected from each cross described above for further study.
The time course of the synthesis of acid phosphatase by some of the PHO82C mutants was followed during growth in high-Pi and low-Pi media (Fig. 2 ). All PHO82C strains tested showed acid phosphatase activity in high-Pi medium, whereas the wild-type strain did not. The synthesis of acid phosphatase by the wild-type strain grown in low-Pi medium was derepressed when the cell density at 660 fn exceeded 0.5. In contrast, the onset of derepression in PHO82' strains occurred much earlier than in the wildtype strain, i.e., at % of the cell density at which the wild-type strain started producing the enzyme.
Two-factor crosses between pho4 mutants. Diploidspho4-x/pho4-y were constructed and sporulated. Diploids homozygous for the pho4 allele were also constructed as controls. Spores were released by sonication after treatment of asci with Zymolyase (Zymolyase 5,000, Kirin Brewry Co.), and an appropriate dilution was spread on low-Pi medium containing 1 ,ug of cycloheximide per ml. After 3 to 5 days of incubation at 300C, each of 8,174 to 23,000 colonies was scored for its acid phosphatase phenotype by staining in each cross (Table 2 ). Figure 3 shows a map drawn using the data of Table 2 . Ten pho4 mutant alleles were localized to four separate subregions of this locus: pho4-1, pho4-5, pho4-7, pho4-10, and pho4-11 comprised one subregion; pho4-3, pho4-4, and pho4-9 were another; and pho4-2 and pho4-12 were each one other site. Crosses containing the pho4-1 allele tended to give a higher frequency of recombination. This may be the reason why the map distance between the pho4-1 site and the pho4-3 site is larger than that between the pho4-3 site and the pho4-12 site. The revertant from the pho4-12 strain, the PH04-12R6 strain, was crossed with the wild-type strain, and among 21,000 colonies tested only 1 colony showed the pho4 phenotype. This result indicates that the reversion site in the PH04-12R6 strain is close to the pho4-12 site.
Two-factor crosses between PH082 mutants. Diploids PH082-x/PH082-y were constructed and analyzed by random spore analysis. Appropriate dilutions of spore suspensions were spread on high-Pi medium containing 1 ,ug of cycloheximide per ml. After 3 to 5 days of incubation at 30°C, colonies that appeared on the plates were stained for acid phosphatase activity. Colonies which could not be stained were scored as recombinants. From 5,171 to 25,000 colonies were tested, and the recombination frequency in each cross is summaized in Table 2 .
Since the recombination value was less than 0.1%, the PH082 sites seem to occupy a single subregion.
Two-factor crosses between PH082 and pho4 mutants. Diploids constructed from the cross PHO82C PH04+ x pho82+pho4 were sporulated, and an appropriate dilution of the spore suspension was plated out on high-Pi medium containing 1 ,ug of cycloheximide per ml. After 3 to 5 days at 300C, colonies on the plates were replica-plated onto low-Pi medium, and both plates were incubated at 30°C for another day.
The colonies were then stained to test for acid phosphatase activity, and the number of wildtype recombinant colonies showing acid phosphatase activity on low-Pi medium but not on high-Pi medium was determined. In each cross, 9,892 to 12,922 colonies were tested, and the recombination frequency is shown in Table 2 .
The data can be most easily explained by placing the PH082 site inside the pho4 locus as shown in Fig. 3 .
Three-factor cross: PHO82-1 phao4-x/ pho82+ pho4-y. To examine the location of the PH082 region in relation to the pho4 mutation sites, PH082-1 pho4-x/pho82+ pho4-y diploids were analyzed by random spore analysis. Diploids were constructed by crossing the PH082-1 pho4-1 cyh strain with the pho4-2, pho4-9, or pho4-12 strain, and spore suspensions were prepared as described above. Spore clones appearing on low-Pi medium containing 1 ,g of cyclo- heximide per ml were stained for acid phosphatase activity. Colonies producing acid phosphatase were replica-plated onto high-Pi medium to test for their constitutivity. Crosses PH082-1 pho4-1/pho82+ pho4-2 and PH082-1 pho4-1/ pho82+ pho4-9 gave rise to a comparable number of wild-type and constitutive recombinants (Fig. 4) a Pho+ colonies were scored as recombinants from two-factor crosses between pho4 mutants. Pho-colonies were scored as recombinants from two-factor crosses between PH082c mutants. Colonies showing the wild-type phenotype (Pho+ on low-Pi medium and Pho-on high-Pi medium) were scored as recombinants from two-factor crosses between pho4 and PHO82C mutants.
found, among 12,900 colonies tested. All these data are consistent with the order shown in Fig.   3 and 4. Ordering the PH082 and pho4 mutation sites by tetrad analysis. To substantiate the above conclusion, the order of the PH082-1, pho4-1, and pho4-9 sites was further examined by tetrad analysis. Since the PH082-pho4 locus is located 6.5 centimorgans centromere-distal to metlO on chromosome VI (16) (Fig. 2) Table 2 . pho4, showed variable amounts of acid phospha-'e is expressed as tase activity depending on the combination of 4 colonies tested. PHO82C and pho4 mutant alleles. Table 4 sumwes are shown in marizes three sets of such experiments. The PH082c/pho82+ diploid showed 6 to 12% of the plained by a conversion of pho82+ PH04+ to PH082-1 pho4-9 or pho82+ pho4-9. The genotype shown in the bottom of A total of 148 asci were dissected from cross W639, and 79 asci were obtained from W640. The irregular asci can be classified into three types which can be explained in the following way: in nine asci, a coconversion of PH082-1 pho4-1 to pho82+ PH04+; in eight asci, a coconversion of pho82+ PH04+ to PH082-1 pho4-1 or pho82+ pho4-1; and in four of them, a reciprocal recombination producing a constitutive clone had occurred. Three tetrads from W639 containing a constitutive clone were analyzed in the same way as W619 above (Table 3 ). The result indicates that these tetrads resulted from a reciprocal recombination between the PH082-1 site and the pho4-1 site. The segregation of metlO confirmed the order of PH082-1-pho4-1-metlO (Fig. 6) . Conversion of PH082-1 pho4-1 to pho82+ PH04+ occurred more frequently than PH082-1 pho4-9 to pho82+ PH04+. This result suggests closer linkage between the PH082-1 site and the pho4-1 site than between the PH082-1 site and the pho4-9 site. Combined tetrad data of W619 and W639 indicate the order of met1O-pho4-1-PHO82-1-pho4-9. This result again places the PH082-1 site inside the pho4 gene.
Synthesis of acid phosphatase by diploids PH082c PHO4+/pho82 +ppho4. Various diploids doubly heterozygous with respect to the PHO82C and pho4 mutant alleles were constructed, and acid phosphatase activity was followed during their growth in high-Pi and low-Pi Table 3. codes for a protein (10), the presence of two temperature-sensitive mutants, coupled with the fact that the pho4-12 allele is suppressible by a nonsense suppressor, strongly suggests that the pho4 locus codes for some protein.
By using pho8O, pho85, or pho8O pho85 mutants as parental strains, we have devised an efficient method for isolating pho4 mutants. However, the mechanism underlying this phenomenon remains unknown. Mapping of these pho4 mutants by the two-factor crosses revealed that the pho4 mutants isolated by this method are distributed over the pho4 locus.
The PH082-4 and PH082-5 mutations are located betweenpho4-1 andpho4-4 as judged by PH082-4 or PH082-5 x pho4 two-factor crosses ( Table 2 and E w pho82' pho4-y three-factor crosses (Fig. 4) .
Since the two-factor crosses of the PHO82C mutants revealed that all PHO82C mutation sites are clustered in a narrow region showing recombination frequency of at most 0.1% (Table 2) , each PHO82C site must be located inside the pho4 locus. The order of metlO-pho4-1-PH082-1-pho4-9 was also confirmed by tetrad analysis (Fig. 5 and 6) .
The fact that the PH082 site is flanked by two pho4 sites which apparently encode a protein argues against the model that the PH082 site defines the operator of thepho4 gene. If the PH082 site is not the operator but codes for a part of the pho4 protein, then the expression of thepho4 gene is probably not regulated by phosphate at the transcriptional leveL The fact that the degree of repression in PHO82C PHO4+/ pho82' pho4 diploids varies depending on the combination of the PH082 and pho4 alleles ( lele in thepho4 locus affects this kind of analysis, the explanation of this result will require further characterization of the pho4-12 mutation.
In view of these new results, the protein encoded by pho8O and pho85 does not function by recognizing a special sequence of DNA. Instead, its control over the pho4 product is probably exerted via protein-protein interaction: interaction between the pho8O-pho85 product and the part of the pho4 protein encoded by the PHO82 site.
In another well-characterized system in S. cerevisiae, the gal system, the GAL81-gall complex had been believed to be an operon in which GAL81 was the operator and gall was the structural gene. However, Matsumoto et 
